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Introduction: the Standard Model and the Higgs Boson
Over the past four decades, the standard model (SM) of particle physics has provided a remarkably accurate description of numerous results from accelerator and nonaccelerator based experiments. Yet, until very recently, the question of how the W and Z gauge bosons acquire mass remained an opened question. This question could have jeopardized the validity of the theory at higher energies or, equivalently, at smaller distance scales. Understanding the origin of the electroweak symmetry breaking (EWSB), how the W and Z bosons acquire mass whilst the photon remains massless, has been set as one of the most important objectives of the Large Hadron collider (LHC) physics program at the birth of the project more than twenty years ago. The SM remained an unchallenged [1] but incomplete theory for the interactions of particles until the Large Hadron Collider (LHC) finally provided its first high energy proton-proton collisions at 7 TeV in 2010. The discovery of a new boson at a mass of about 125 GeV by the ATLAS [2] and CMS [3, 4] experiments in 2012, and measurement of the properties of the Higgs boson using all available LHC data from run I, starting with the high resolution channels and the measurement of the Higgs boson mass, then with constraints on the resonance width, tests and constraints on the spin-parity state, comparisons of the signal rates with SM expectation in various production and decay modes, and finally the coupling constraints and compatibility with SM expectation. We conclude in section 6 with some elements of prospects for the future data taking at the LHC.
The ATLAS and CMS experiments
The ATLAS ("A Toroidal LHC Apparatus") [18] and CMS ("Compact Muon Solenoid") [19] detectors are multi-purpose devices with a cylindrical geometry, and forward-backward symmetry along the beam line. Both experiments have been designed to allow for a good measurement of leptons from low to very high momenta, offer sufficient transverse or longitudinal granularity to provide a high discrimination of isolated leptons against QCD instrumental background, and provide a nearly 4π solid angle coverage for the measurement of hadronic jets and transverse energy flow. Above all other considerations, the detailed design of the experiments follows from the choice of the main magnets. The CMS experiment has chosen a solenoid which allows for a compact detector. The solenoid provides field lines parallel to the Z (beam) axis so that charged particles trajectories bend in the transverse plane. The excellent momentum resolution required for TeV muons is made possible via a very high magnetic field and a fine grained tracker. The ATLAS experiment has chosen a toroid which imposes a very large volume. The toroid provides field lines which are circles centered on the Z axis, so that muons bend in a plane defined by the beam axis and the muon position. This provides excellent stand alone momentum resolution for TeV muons, but an internal solenoid is needed for the purpose of vertex reconstruction and additional momentum measurements with a fine grained tracker. The experiments were ready to take data in 2008, after about 15 years of research and developments, design and construction Three-dimensional representations of the ATLAS and CMS detectors are shown Fig. 1 . The ATLAS layout comprises a thin superconducting solenoid surrounding inner tracking detectors and three large superconducting toroids supporting a large muon tracker. The inner detectors consist of a silicon pixel device, a silicon microstrip device and a transition radiation tracker, all immersed in the 2 Tesla field from the solenoid. High-granularity liquid-argon (LAr) electromagnetic sampling calorimeters cover the pseudorapidity region |η| < 3.2. An iron-scintillator tile calorimeter provides coverage over |η| < 1.7. The end-cap and forward regions, spanning 1.5 < |η| < 4.9, are instrumented with LAr calorimetry for both electromagnetic and hadronic measurements. The muon spectrometer covering |η| < 2.7 relies on the magnetic deflection of muons tracks in the air-core toroid magnets, instrumented with separate trigger and high-precision tracking chambers The CMS layout comprises a superconducting solenoid of 6 m internal diameter, providing a uniform magnetic field of 3.8 T. The bore of the solenoid is instrumented with various particle detection systems. The inner tracking system is composed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm and a silicon strip tracker with 10 barrel detection layers extending outwards to a radius of 1.1m. Each system is completed by two end caps, extending the acceptance up to |η| < 2.5. A lead tungstate crystal electromagnetic calorimeter with fine transverse (∆η, ∆φ) granularity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the region |η| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas detectors which are used to identify muons in the range |η| < 2.4. The barrel region is covered by drift tubes and the end-cap region by cathode strip chambers. A calorimeter made of steel absorber and quartz fiber extends to coverage in forward regions up to |η| < 5.0.
Both experiments have profited from many months of training and analysis with cosmic data in 2008 and 2009, before the arrival of the first stable LHC collisions. The first LHC collisions were produced at a proton-proton √ s = 900 GeV during "pilot" runs and then, after a few weeks, at a record √ s = 2.36 TeV. The data collected by the two large experiments, ATLAS and CMS during these early runs were essentially used to finalize the commissioning of the detectors and the analysis tools, and to validate the computing and data distribution models. In December 2009, the level of readiness of the experiments was such, that first physics results could be produced, in some cases within days or weeks. The first public results concerned basic QCD background properties such as the measurement of the underlying event activity, track multiplicity and transverse momentum flow measurements, or for instance the observation of diffraction in proton-proton collisions. After a short technical stop, the LHC operations have resumed in early spring 2010 at √ s = 7 TeV, the highest energy compatible with a secured and stable functioning of the collider. In the following, we concentrate on results obtained at the LHC during the so-called "run 1" in 2011 and 2012, with pp collisions at √ s = 7 and 8 TeV.
3 Phenomenology at the LHC
Production and decay modes
In pp collisions, the Higgs boson is produced dominantly by a gluon fusion (ggH) process involving a virtual top (or bottom) quark loop. The other main production modes are the vector boson fusion (VBF), the "Higgstrahlung" (VH with V=W or Z), and the associated production (tt H). The production modes are illustrated in the Fig. 2 . The total production cross sections for a SM Higgs [20] boson at the a)
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Higgs-boson production in gluon-gluon fusion uon fusion through a heavy-quark loop [6] (see Fig. 1 ) is the main production mechanism of the andard Model Higgs boson at hadron colliders. When combined with the decay channels H → !!, → WW, and H → ZZ, this production mechanism is one of the most important for Higgs-boson arches and studies over the entire mass range, 100 GeV < ∼ M H < ∼ 1 TeV, to be investigated at the C. The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions. QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section proportional to α 2 s , where α s is the QCD coupling constant. The main contribution arises from the quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this ocess at next-to-leading order (NLO) have been known for some time, both in the large-m t limit [7, 8] d maintaining the full top-and bottom-quark mass dependence [9, 10] . They increase the LO cross ction by about 80−100% at the LHC. The exact calculation is very well approximated by the large-m t it. When the exact Born cross section with the full dependence on the mass of the top quark is used to rmalize the result, the difference between the exact and the approximated NLO cross sections is only ew percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this it [11] [12] [13] [14] [15] [16] [17] , leading to an additional increase of the cross section of about 25%. The NNLO calculation s been consistently improved by resumming the soft-gluon contributions up to NNLL [18] . The result α. The preferred choice, which should be most robust with respect to higher-order corrections, is the so-called G F scheme, where α is derived from Fermi's constant G F . The impact of EW and QCD corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative, and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the percent level.
Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross section for VBF have been presented in Ref. [75] . The theoretical predictions are obtained using the structure-function approach [65] . Upon including the NNLO corrections in QCD for the VBF production mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale dependence, reduces from the 5−10% of the NLO QCD and electroweak combined computations [65, 70] down to 1−2%. The uncertainties due to parton distributions are estimated to be at the same level.
Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing partonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak c) LHC are shown as a function of m H in Fig. 3 (left) . For m H = 125 GeV, the total production cross section is of about 22 order (NNLO) level has been done the past years and this effort continues with increased interest. The decay branching ratios for a SM Higgs boson [20] are shown in Fig. 3  (right) . The WW di-boson decay dominates at high masses, for m H > 135 GeV. The WW and ZZ di-boson decays are the sole relevant modes for m H > 2 × m W . At low mass, the bb and ττ decays are the dominating modes. The intermediate mass range of 115 < m H < 135 GeV offers the maximal sharing of the total decay width between the various decay channels. The decays in cc or gluon pairs are essentially unobservable as they are overwhelmingly swamped by di-jet QCD background. For m H = 125 GeV, this takes away from observation about 11.5% of the Higgs bosons. For this mass, the di-fermions represent about 64.0% of the decays; that is 58 % of the Higgs bosons decaying in bb pairs, and about 6 % in ττ pairs. About 24.4% branching fraction is left for the di-bosons; that is 0.228% for γγ, 21.5% for WW, and 2.64% for ZZ decays. Two high mass resolution decay modes offer the best discovery potential in the intermediate masse range, the H → γγ, and the decay chain H → ZZ * → 4 (in short H → 4 ) with at least one Z boson off-mass shell and = e, µ. Real photons being massless, the H → γγ decay proceeds at leading order via a fermion (mostly top quark) or boson (W) virtual loop as illustrated in Fig. 4 . The W loop contribution to the decay dominates. The W loop and top quark loop contributions interfere destructively such that the W+top contributions are overall about 23% smaller than the W contribution alone. While the H → γγ decay is a rare decay mode, with its branching fraction of about 2 × 10 −3 for m H = 125 GeV, the H → 4 decay is even rarer, with a branching fraction of about 1.2 × 10 −4 for m H = 125 GeV when considering 4 = 4e, 4µ and 2e2µ final states.
Overview of the analysis channels
For a given Higgs boson mass hypothesis, the sensitivity for the search and measurements in a given final state depends on the product of the production cross section and branching fraction to that final state, the reconstructed mass resolution, the signal selection efficiency, and the level of SM backgrounds in the relevant Higgs boson signal phase space. A list of production and decay channels explored during run I at the LHC by the ATLAS and CMS experiments, as well as an indication of the reconstructed Higgs boson mass resolution achievable in each final state, are given in Table 1 . In each experiment, the pp collision events are first selected to create Table 1 : Production and decay channels explored during run I at the LHC. The channels labelled " " are observed by the ATLAS and/or CMS experiments and used for the determination of the Higgs boson mass and spin-parity state. Evidence is obtained for the channels labelled " ". A sensitivity approaching the SM expectation is obtained for those labelled " ". All above channels enter the ATLAS and/or CMS global combinations to constrain the Higgs boson couplings. The sensitivity is found well below SM expectation for the channels labelled with a "•". The channels labelled "--" are out of reach.
partitions corresponding to mutually exclusive channels. These channels are then studied in stand-alone analyses, or re-combined via a statistical method to improve the measurements of the Higgs boson properties. The H → WW ( * ) → 2 2ν, channel covers a wide mass range, but suffers from the lack of mass resolution due to the escaping neutrinos. This was the main channel used at the LHC for early searches of the Higgs boson, with a best sensitivity for a mass hypothesis around m H 2 × m W . This was complemented for the search at higher mass by the H → ZZ channels (4 and 2 2ν), and at lower mass by a combination of the H → ZZ * → 4 and H → γγ channels. The H → γγ and the H → ZZ * → 4 channels provide a distinctive signal with a narrow peak over a smooth background. Evidence for a signal for a mass around 125 GeV in each of these channels, for both experiments, lead to the announcement of a discovery in 2012. The di-boson channels in the γγ, 4 , and 2 2ν final states are the main channels that brought a significant contribution in the statistical combination contemporary to the discovery. The early searches at the LHC and the discovery of the new boson are discussed further in section 4.
For a Higgs boson mass of about 125 GeV, all five main channels listed first in table 1, namely the di-boson channels H → γγ, H → ZZ * , and H → WW * , and the fermionic channels H → bb and H → τ τ , can be studied at the LHC using the full run I data. The H → 4 and H → γγ channels play here again a special rôle as they provide an excellent mass resolution for the reconstructed di-photon and four-lepton final states, respectively. These channels and the Higgs boson mass measurement as well as direct constraints on the width of the resonance will be discussed in more details in section 5.1. With a natural width of the Higgs boson expected to be in the MeV range for m H 125 GeV, and a measurement mass resolution in the GeV range, the direct measurement allows at best to conclude that the observations are consistent with a single narrow resonance. Much more stringent constraints can be obtained in an indirect manner, combining the H → 4 measurements at the 125 GeV resonance, corresponding to the production of a Higgs boson on mass-shell, with measurements at high mass corresponding to the exchange of a Higgs boson off mass-shell. Stringent constraints obtained on the Higgs boson intrinsic width in such a manner will be discussed in section 5.3.
The coupling of the Higgs boson to fermions is best established directly by using the H→ bb and H→ τ + τ − channels. Both channels suffer from large backgrounds and have a poor mass resolution, especially for Higgs bosons produced at low transverse momenta (P T ). For the H→ bb decay channel, a sensitivity to the signal can be enhanced by targeting the VH production mode, with V = W or Z, and with subsequent W or Z leptonic decays. For the H→ τ τ channel, a sensitivity to the signal can be obtained by considering a combination of events with high reconstructed P T of the Higgs boson, and events targeting the VBF production of the Higgs boson. The direct coupling to fermions and the question of flavour universality will be discussed in section 5.4.
The measurements in all five main channels in the low mass range ( 110 < H < 150 GeV) can be combined to extract signal rates to be compared with SM expectations, and constraints on the Higgs boson couplings. These combined results are discussed in section 5.5.
The Search and the Discovery
Direct and model independent searches of the Higgs boson at the LEP e + e − collider led to a lower bound on its mass of 114.4 GeV [21] at 95% confidence level (CL). Following the shutdown of the LEP collider in 2000, the direct search for the Higgs boson continued at Fermilab's Tevatron pp collider. The H → WW → 2 2ν was the main channel used for early searches at the Tevatron, with background processes from non-resonant WW production and from top-quark production, including tt pairs and single-top-quark (mainly tW). With up to 7.1 fb −1 and 8.2 fb −1 of data from the CDF and D0 experiments respectively, the Tevatron combination [22] in 2011 excluded the range 158 − 173 GeV. At this time, the LHC experiments were ready to take over.
Meanwhile, indirect constraints had been derived by exploiting the sensitivity The total production cross section at the LHC is about 20 times larger than the corresponding total cross section at the Tevatron collider for pp collisions at √ s = 1.96 TeV. With about 10 fb −1 of data collected in the D0 and CDF experiments by the end of the Tevatron lifetime, it was expected that the ATLAS and CMS experiments at the LHC would cover previous searches and take over with less than about 1 fb −1 of data. This occurred in 2011. As for the Tevatron, the H → WW → 2 2ν was the main channel used at the LHC for early searches of the Higgs boson. By the time of the Lepton-Photon international conference in August 2011, both LHC experiments provided an exclusion at 95% CL of the Higgs boson for masses m H around 2 × M W , in a mass window extending beyond the reach of the Tevatron experiments. From the H → WW channel alone, CMS using 1. Taking into account the differences in mass between the Z and W bosons, the partial width for H → ZZ is slightly less than that of one of the WW modes, i.e. less than half of H → WW. The H → ZZ nevertheless provides the best sensitivity for M H 2 × M Z from the combination of the H → ZZ → 4 and H → ZZ → 2 2ν channels, with = e, µ and ν = ν e , ν µ , ν τ . These channels were combined already at the end of the 2011 data taking campaign and this lead to the rather dramatic results shown in After the discovery, the landscape for the physics in relation with the Higgs boson was completely redefined. The proof of the existence of a scalar field which pervades the Universe has consequences on the history of matter, and open-up new questioning in particle physics and cosmology. Do neutrinos interact with the Higgs field? Does the Higgs boson interact with dark matter? Is there a connection between the Higgs field and the scalar field responsible for the exponential growth of the early Universe? At the LHC the research interest shifted from the search to the understanding of the exact nature of the new particle, as well as to the measurements of its properties. More than twice as much data had been collected by each of the experiments by the end of 2012. The analysis program was enriched to cover precision measurements such as its mass and width, its production cross section and quantum numbers, its couplings to other SM particles, and also searches for the rare decays such as H→ µ + µ − and H→Zγ. This was enough to confirm that the new boson has properties compatible with those expected for the Higgs boson. The analysis program has been furthermore extended to cover searches for which the Higgs boson is used as a tool to probe physics beyond the SM. The results using the full run I datasets are presented below.
Measurements and Properties
In the following, we review the results obtained by the ATLAS and CMS experiments for the new boson at 125 GeV, using all available data from the LHC run I. We first discuss the results obtained in individual bosonic and fermionic decay channels, and then the signal rates and coupling constraints obtained from a combination of all main channels.
High resolution decay channels and the Higgs boson mass
The mass of the Higgs boson is determined by combining two discovery channels with excellent mass resolution, namely H → γγ and H → ZZ * → 4 . In each of these channels, the instrumental mass resolution ∆M/M is expected to be in the 1-2% range. For a SM Higgs boson resonance at a mass around 125 GeV, we expect that the intrinsic width has a negligible contribution to the measured mass resolution.
The H → γγ signal is characterized by a narrow signal mass peak over a large but smoothly falling background. The photons in background events originate from prompt non-resonant di-photon production or from jets misidentified as isolated photons. Details concerning the event selection can be found for ATLAS in Ref. [26] and for CMS in Ref. [27] . In both experiments, the analyses are split in mutually exclusive event classes to target the different production processes. The classification differ in the details between the experiments but it follow similar principles. Requiring the presence of two forward jets with high common invariant mass and a large rapidity gap favours events produced by the VBF mechanism. Event classes designed to preferentially select VH (V = W or Z) mainly require the presence of isolated electrons, muons, or missing transverse energy E miss T , or a dijet system with an invariant mass compatible with m W or m Z . The remaining "untagged" events correspond mainly to the Higgs boson produced via gluon fusion and represent more than 90% of the expected signal in the SM. In both experiments, the "untagged" events are further split in categories according to the kinematics of the di-photon system, and the event-by-event estimate of the di-photon mass resolution which depends on photon reconstruction in different |η| ranges of the detectors. In total, the ATLAS and CMS analyses rely on more than 10 categories for each of the √ s = 7 and 8 TeV samples. With an unfavourable signal-to-background ratio (S/B 1 in most categories), a key to the H → γγ analyses is the energy calibration of photons. This is obtained by using the Z→ ee candle and extrapolating to the relevant p T range of photons, taking into account the effects from the different behaviour of photon-induced and electron-induced electromagnetic showers (e.g. shift of the longitudinal profile) in the detector. Overall, the analyses have an acceptance×efficiency of about 50% and the event categorisation is expected to improve the sensitivity by about a factor two with respect to a fully inclusive analysis. The di-photon invariant mass distribution measured by the experiments is shown in Fig. 6 . A clear Higgs boson signal resonance is observed around 125 GeV. ATLAS observes [26] a signal with a local significance of 5.2σ, for a SM Higgs boson expectation of 4.6σ, at the mass obtained by the combining of the 4 and 2γ channels [28] . CMS observes [27] a signal with a local significance of 5.7σ, for a SM Higgs boson expectation of 5.2σ, at the mass measured in the γγ channel in stand-alone.
[GeV] The H → ZZ * → 4 signal is characterized by a narrow four-lepton (4e, 2e2µ or 4µ) mass peak over a small continuum background. Details concerning the event selection in this channel can be found for ATLAS in Ref. [29] and for CMS in Ref. [30] . The ATLAS and CMS analyses differ in the details but follow similar principles. The signal candidates are divided into mutually exclusive quadruplet categories, 4e, 2e2µ and 4µ, to better exploit the different mass resolutions and different background rates arising from jets misidentified as leptons. Four well-identified and isolated leptons are required to originate from the primary interaction vertex to suppress the Z+ jet and tt instrumental backgrounds. With a very favourable expected signal-to-background ratio (S/B 1), a key to the H → 4 analyses is to preserve the overall efficiency while imposing lepton identification and isolation criteria sufficient to suppress the instrumental background well below the indistinguishable background from the non-resonant ZZ continuum. The fourth lepton (i.e. with lowest p T ) has its p T peaking well below 10 GeV for M H = 125 GeV. A high lepton reconstruction efficiency is required down to the lowest p T consistent with the rejection of instrumental background; in practice the lowest threshold is in the range 5 to 7 GeV. The electron reconstruction makes use of rather sophisticated algorithms which combine the reconstructed track in the silicon tracker (using a gaussian sum filter technique dedicated to electrons) with clusters in the electromagnetic calorimeter, a categorization of electrons, etc. The energy scale is controlled using the Z→ candle complemented by the validation at low p T from J/ψ and Υ(nS). The signal candidates should contain two pairs of same flavour and opposite charge leptons ( + − and + − ). For M H = 125 GeV, the decay H → Z ( * ) Z * involves at least one Z boson off mass-shell (i.e. ZZ * ), and, for about 20% of the cross section, two Z boson off mass-shell (i.e. Z * Z * ). The analysis thus accepts a leading Z boson (Z 1 ) reconstructed with masses down to 40 or 50 GeV, and a subleading one (Z 2 ) with masses down to 12 GeV. Overall, the analyses have an acceptance×efficiency of about 20 to 40% depending on the quadruplet category. Even more sophisticated statistical analysis techniques are used beyond the baseline selection of signal candidates. In CMS, kinematic discriminants are constructed using the masses of the two di-lepton pairs and five angles, which uniquely define a four-lepton configuration in their centreof-mass frame. These make use of leading order matrix elements for the signal and background hypothesis and are used to further separate signal and background. In ATLAS the analysis sensitivity is improved by employing a multivariate discriminant to distinguish between the Higgs boson signal from the ZZ * background and the combination of this discriminant with the reconstructed invariant mass of the 4 system is used to provide the final measurement on the Higgs boson mass in this channel.
The 4 invariant mass distribution measured by the experiments is shown in Table 2 , and shown in Fig. 8 . These final run 1 measurements profit from the most accurate knowledge of the detector performance achieved so far, using the full datasets from proton proton collisions at the LHC in 2011 and 2012. The mass measured in the γγ channel is obtained in both experiments via a simultaneous fit of all event categories. The mass measured in the 4 channel is obtained by ATLAS using a "2D" fit combining the reconstructed mass and a BDT discriminant trained on signal and ZZ * background events from Monte Carlo simulation. The mass measured in the 4 channel by CMS uses a "3D" fit combining the reconstructed mass, a kinematic discriminant based on matrix elements tuned to distinguish signal from ZZ * background, and the uncertainty in the four-lepton mass estimated from detector information on a per-event basis. This is found relevant for CMS because this uncertainty varies considerably over the small number of selected signal events. In both experiments, while in the γγ channel the measurement is dominated by the systematic effects, the opposite occurs in the 4 channel who suffers from low statistics. The new data taking campaign at the LHC starting in 2015 will be important to decrease the uncertainty in this measurement. A final mass value is obtained by combining the γγ and 4 results. ATLAS obtains [28] −22 s. This Γ H is too small for a direct observation at the peak where the measured width is completely dominated by detector resolution, while at the same time too large to allow for the observation of displaced vertices via its lifetime. At best, the experiment can verify that the lineshape at the resonance is consistent with a single narrow resonance. This has been explicitly done by both the ATLAS [26, 32] and the CMS experiments [27, 30] . ATLAS sets direct limits at 95% CL of Γ H < 5 GeV from the H → γγ channel, and Γ H < 2.6 GeV from the H → 4 channel. CMS sets direct limits at 95% CL of Γ H < 2.4 GeV from the H → γγ channel, and Γ H < 3.4 GeV from the H → 4 channel. A sensitivity to a range of intrinsic width values of the order of Γ H is nevertheless possible by profiting from the fact that the narrow width approximation fails for the production of a Higgs boson via gluon fusion (ggH). The off-shell production cross section is sizeable and this has been exploited by the experiments in the ZZ and WW channel.
In the ZZ channel for instance, sizeable off-shell production of the Higgs boson arises from an enhancement in the decay amplitude in the vicinity of the Z-boson pair production threshold, and at higher masses from the top-quark pair production threshold. There is in addition at large mass a sizeable destructive interference with the production of a Z-boson pair from the continuum (i.e. with Z bosons coupling to quarks in a box diagram). Overall the ratio of the off-shell (above 2 × m Z ) to the on-shell cross section is of the order of 8%. This sizeable contribution of the off-shell Higgs boson is not as such surprising. The Higgs boson is essential for the unitarity of the theory and it must be there to play its role in canceling the bad high energy behaviour of the continuum diagrams. The on-shell and off-shell cross section can be approximated as:
Thus, a measurement of the relative off-shell to on-shell signal production in the ZZ channel provides direct information on Γ H . Using this idea [33, 34, 35, 36] , the CMS experiment has obtained [37] a constraint on the total width of Γ H < 22 MeV (i.e. 5.4 times the expected value in the SM) at 95% CL. In a similar analysis ATLAS has obtained [38] a constraint at 24 MeV (5.7 times the expected value in the SM) at 95% CL.
The Higgs boson spin-parity
Extensive tests of the spin-parity state of the new boson at the LHC have been performed in the di-boson decay channels by both the ATLAS and CMS experiments.
The tests in the H → γγ channel exploit the production dependent scattering angle of the di-photon pair. In order to discriminate between the production of the resonance viaannihilation from the production via a mixture if gg fusion and qq, the experiments make use of the absolute value of the cosine of the polar angle of the di-photons in the Collins-Sopper [39] rest frame, i.e. the angle in the di-photon rest frame between the collinear photons and the line that bisects the acute angle between the colliding protons. The tests in the H → ZZ * → 4 channels exploit the masses and angles reconstructed from the four leptons. The kinematic properties of the SM Higgs boson or any non-SM exotic boson decay to the four-lepton final state has been extensivly studied in the litterature (see e.g. Ref. [27] for a complete set of references), and can be described by the reconstructed masses and five production and decay angles. The tests in the H → WW * → 2 2ν channels are production dependent and exploit a combination of observables such as the di-lepton invariant mass m , the azimuthal separation between the two leptons ∆φ , the di-lepton transverse momentum p T , and the reconstructed transverse mass m T . ATLAS combines the sensitive observables in a BDT. CMS uses the "2D" distribution in the plane m vs. m T , where m T expressed in terms of the p T , ∆φ , and the missing transverse momentum in the event. In all cases, the hypothesis of a SM Higgs boson in a pure spin-parity state J P = 0 + is compared with alternative J P hypotheses. The spin 1 is excluded in principle by the Landau-Yang theorem and the observation of the H → γγ channel. The observation of the new boson in this channel implies that the resonance must be a boson with spin 0 or 2. Exotic spin-1 hypotheses have been nevertheless tested in the ZZ* and WW* channels. Binned likelihood fits are used to test the data for compatibility with the presence of a particle with given spin-parity J P . In all cases, the data is found compatible with the J P = 0 + quantum numbers of the Higgs boson, whereas alternative hypotheses are excluded with high confidence levels. The CMS results from individual di-boson channels are described in Refs. [40, 30, 27, 41] . CMS excludes J P = 0 − and 1 + , 1 − hypotheses at 99% CL or higher, and the spin-2 hypotheses at 95% CL or higher. The ATLAS spin-parity results for diboson channels are described in Ref. [42] . ATLAS excludes the J P = 0
hypotheses at 97.8% CL or above. For both experiments, the exclusions are found to hold independently of the assumptions on the coupling strengths to the SM particles, and, for spin-1 and spin-2 hypothesis, of the relative fraction of gluon fusion and quark-antiquark production. Further constraints on pure and mixed spin-parity states under various assumptions have been recently established by CMS combining all di-boson channels [43] . Overall, the data thus provide strong evidence for the spin-0 nature of the Higgs boson, with positive parity being strongly preferred. The CP-even 0 + hypothesis is found to be favoured over any other pure spin-parity state hypothesis at a level of more than 3 standard deviations.
The fermionic decay modes and non-universality
The H→ bb decay channel is studied in the VH production mode with V = W or Z, and with V undergoing leptonic decays [44, 45] . Final states with 2 b jets from the H decay, and with zero, one, or two charged leptons (electrons or muons) from the V decays are considered by the experiments, targeting Z→ νν, W→ eν, µν, and Z→ ee, µµ respectively. The channel W→ τ ν is also considered in CMS in the case where the τ decay involves one charged hadron, i.e. the so-called "singleprong" decays. The key elements of the analysis are to obtain a high efficiency in tagging the b-jets, a low rate of misidentified jets as b-jets, and an estimation of the backgrounds from the data. Requirements on the missing transverse energy and/or on the azimuthal opening angle between the missing transverse momentum and the direction of the b jets (or of the leptons) are imposed. To further improve on the sensitivity, the analysis for each final state is further divided in categories according to the p T boost of the H or the V bosons. The H and the V bosons recoil against each other and a substantial reduction of the background can be achieved in high p T boost kinematic regions [46] . For the statistical analysis of the selected events, ATLAS employs a binned likelihood constructed as the product of distributions for the invariant mass m bb in 26 signal regions, while CMS employs a combination of 14 boosted-decision tree (BDT) discriminants. While signal over background (S/B) ratios in the range of 0.1% to 1.0% are expected when integrating around the signal peak at m bb 125 GeV, this improves up to about 10% for events with highest BDT scores. The tt production is among the main backgrounds in all event categories. It dominates the event yield in the signal region for WH production after the full event selection. The V+bb production is the dominating background for ZH production.
The H→ τ + τ − decay channel is studied in the ggH, VBF, and VH production modes [47, 48] , with τ τ , τ τ h and τ h τ h in the final state, where τ = τ e or τ µ designates tau leptons decaying leptonically, and τ h designates tau leptons decaying semi-leptonically (with one or more charged hadrons in the final state). To enhance the sensitivity in the ggH or VBH production modes, the events are classified in categories according to the number of additional jets and to kinematic quantities that exhibit differences for the signal and background events. Categories with large p T (boosted) reconstructed Higgs boson enhance the sensitivity to ggH production. Categories with 2 high p T jets separated by a large rapidity gap target VBF production. CMS also considers VH production, requiring one or two additional leptons (electrons or muons) compatible with a leptonic decay of the W or Z boson. For the statistical analysis of the selected events, ATLAS uses a combination of BDTs, built in the various τ τ , τ τ h and τ h τ h channels from a set of discriminating variables, to combine the VBF and boosted exclusive categories. CMS employs a likelihood product with the signal extracted in the different channels from the distribution of the invariant mass of the tau lepton pair, except in the WH and in the ee and eµ channels where kinematics discriminants are used. Signal over background (S/B) ratios or the order of 10% are achieved in the three bins with highest BDT score, and reaches S/B 1 for the VBF bin with highest BDT score of ATLAS (as for the "tight VBF category" of CMS) where 10-20 signal events are expected. [48] . Similar results are obtained by the ATLAS experiment [47] . The results are presented grouped in bins of the log(S/S + B) for the final discriminators used for the various event categories, with (S/S + B) denoting the ratio of the predicted signal (S) and signal-plusbackground (S + B) event yields in each bin. 
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In the H→ bb channel, ATLAS observes [44] a 1.4σ excess with respect to the background only hypothesis, for an expectation of 2.6σ for the SM Higgs boson. CMS observes [45] an excess of 2.1σ compared to an expectation for the SM Higgs boson of 2.1σ. The statistics in the VH production mode is too small at the LHC to establish at this stage a direct evidence for H→ bb. The most significant evidence so far for H→ bb comes from the CDF and D0 experiments at the Tevatron. Combining their analyses in the VH production modes, the Tevatron experiments [49, 50] find an excess of signal candidates with a significance of 2.8σ at the LHC mass m H = 125 GeV, and a maximum local significance of 3.3σ at 135 GeV.
In the H→ τ + τ − channel, both LHC experiments find clear evidence for a Higgs boson signal [47, 48] , thus establishing, beyond the knowledge available at the time of the discovery, the first evidence that the Higgs boson couples to leptons. CMS finds [45] a 3.4σ excess with respect to the background only hypothesis, for an expectation of 3.6σ for the SM Higgs boson. The observations in the various event categories used for the analysis are illustrated in Fig. 9 . A combination of the bb and τ + τ − decay channels [51] yields an evidence for the coupling to these fermions at 3.8σ (4.4σ expected). In the H→ τ + τ − channel, ATLAS finds [44] a 4.1σ excess for an expectation of 3.2σ for the SM Higgs boson. The evidence for the Hτ τ coupling combined with the null evidence so far for the Hµµ coupling [52, 53] implies that the new boson has non-universal family couplings. The scalar sector could play an important role in the origin of fermion families.
Combined measurements of signal rates and couplings
A coherent statistical analysis of the full set of analysis channels allows to slightly improve the measurements of the signal rates for individual production and decay modes of the Higgs boson, as well as to establish a coherent set of constraints on the Higgs boson couplings to different particle species.
For the measurement of signal rates, the inputs to the combined analyses are in principle the experimental results obtained in individual, i.e. "stand-alone" and mutually exclusive analyses discussed in previous sections of this paper. In practice, the ATLAS and CMS combinations make use of more or different information, and uses the information from individual channels in a different manner. At this stage, this is partly because only preliminary combination results are available. ATLAS first published in summer 2013 a combination of di-boson channels using all available run I data [29] , but the results in individual decay channels have been since then superseded in some cases. A new combination of the five main decays channels and preliminary results in individual channels is now available [54] , but this one does not yet include for instance the latest H → γγ from ATLAS [26] . CMS first published final sets of results using all available run I data in each of the main five decays channels, and presented a preliminary combination in summer 2014 [31] which incorporate additional information analysis targeting specific production modes such as ttH [55] . Also, the combination profits from new theory information in some areas. For instance, since the publication of the stand-alone analysis, the search for VH production with H → bb decays has been improved for CMS [31] by the use of recent NLO calculations for the gluon fusion loop contribution to ZH production. The organization of the information also differ for some individual decay channels. For CMS the input to the combination is organized in terms of decay "tags". For instance the H → τ τ "tag" includes some signal contamination from H → WW * , etc. The signal strengths for such decay "tags" which serve as inputs to the combination in CMS cannot be interpreted literally as compatibility tests for pure production mechanisms or decay modes, in contrast to the results from the stand-alone analysis.
The γγ, ZZ, and WW di-boson channels were the main contributors to the original discovery and have been exploited for the determination of the Higgs boson mass, intrinsic width, and spin-parity state. For the combination, both the ATLAS and CMS experiment assume a single CP even scalar state (0 + ) resonance with a mass obtained by the combination of the H → γγ and H → ZZ * → 4 ( = e, µ) channels, as established from the di-boson decay channels discussed in previous sections. While the mass of the Higgs boson is a free parameter in the SM, the number of Higgs bosons events decaying in each channel is quite accurately predicted by theory; thus measuring the ratio µ between the number of observed events over the number of predicted events (signal strength) we have an easy way to test the consistency with the SM (µ = 1 means that what we observe is the SM Higgs boson). To obtain specific constraints on the Higgs boson couplings, a simultaneous analysis of all production and decay channels is necessary to account in consistent manner for all all statistical uncertainties, systematic certainties, and their correlations. Furthermore, the production×decay for the Higgs boson at the LHC is always sensitive to a combination, linear at LO, of two couplings. Thus some model assumptions are required to disentangle the effects of each coupling. This is done following the prescription of the LHC Cross Section Working group. A narrow width approximation such that σ × β i = σ i × Γ i /Γ H is considered and SM "kappa" modifiers are introduced for the production, κ
Various benchmark scenarios are then studied [54, 31] .
The signal strength µ measured in various decay channels by ATLAS [54] and CMS [31] experiments is shown in Fig. 10 . In both experiments, all signal strengths measured are consistent with the expectation for the Higgs boson in the SM within one to two standard deviations. The best fit signal strengths µ for di-bosons measured in ATLAS are seen in Fig. 10 (left) to be slightly above expectations, with The data from different decay channels can be associated to different production "tags" as was shown for example in Fig. 10 (right) . Each production mechanism can be in turn associated to either fermion couplings (ggH, tt H) or to vector-boson couplings (VBF, VH). From the combined fit, the signal strength for the VH and VBF production can be assessed. An evidence is obtained for the observation of VBF production with a significance of 4.1σ for ATLAS [29, 54] , and 3.7σ for CMS [31] . For the VH production, CMS observes a significance of 2.7σ for an expectation of 2.9σ [31] .
The ATLAS and CMS constraints on the Higgs boson coupling to fermions 
fb
(κ F = κ = κ q ) and electroweak bosons (κ V = κ W = κ Z ) are shown in Fig. 11 . The data are compatible with the expectation for the SM Higgs boson: the SM point of (κ V , κ F ) = (1, 1) is within the 95%CL contour for ATLAS, and within the 68%CL contour for CMS. The fits in Fig. 11 are shown allowing for opposite signs of the κ V and κ F . The sensitivity to this relative sign comes from the negative interference between the loop contributions involving either W bosons or top quarks in the H → γγ decay. In other words, at LO Γ γγ involves a product κ W κ t while all other partial decay widths scale as κ Fig. 12 . The Fig. 13 illustrate the results from the best fit values for the couplings for different particle species. The couplings are found to scale with mass as expected for a Higgs boson of the BEH mechanism. Finally, constraints can be obtained on possible BSM contributions by allowing for a non-vanishing partial width into invisible or undetected particles. Upper limits at 95% CL for the branching ratio into such BSM particles of 41% and 58% are obtained by ATLAS and CMS respectively.
Conclusions and the Aftermath
The boson discovered in 2012 at the LHC by the ATLAS and CMS experiments has properties consistent, within uncertainties, with the Higgs boson of the standard model. The analysis of the full sets of data collected during run I at the LHC at 7 and 8 TeV has allowed for considerable progress in the characterization of this H boson. Having determined the Higgs boson mass m H with a relative precision ∆m/m well below the per-mil level, all the production and decay properties of a H boson are predicted by the theory and can be compared with data. The custodial symmetry is verified to ∼ 15%. The relative couplings of the H boson with d-like and u-like quarks of the third generation is verified at the ∼ 30% level. The couplings to fermions of the third generation is verified at the ∼ 15 − 20% level. Overall, the couplings to boson and fermions are verified to ∼ 15% and consistent with the SM expectation at the ∼ 1σ level, and, thus, scale as expected as a function of the fermion and vector boson masses. The existence of a boson with non-universal family couplings is established via the evidence for H→ τ τ and the null evidence for H→ µµ. More data will be needed to further disentangle the various production and decay modes, and provide more stringent constraints on the couplings.
The existence of a scalar field and the spontaneous electroweak symmetry breaking mechanism, provide an explanation for the origin of the Z and W and ordinary fermion masses and solves, or postpones to much higher energy, the problem of the unitarization of the theory. As a consequence, stringent constraints are established for global fits in the electroweak sector by injecting the H boson mass in the global fit of precision electroweak data: The W boson is predicted with a precision better than that of direct measurements. The discovery marks the triumph of the weak couplings in the history of matter in the universe; a culmination of a reductionism strategy which has evolved from questions of the structure of matter to questions on the very origin of interactions (local gauge symmetries) and matter (interactions with Higgs field). An important aspect of the theory nevertheless remains to be constrained by the experiments, namely the coupling of the Higgs field with itself. This self-coupling is at the origin of the so-called "condensation" of the Higgs field which is expected to drive the EWSB mechanism. The shape of the scalar potential for the Higgs field that is responsible for EWSB depends on m H and on the trilinear and quadrilinear self-couplings. In the SM, these are presumed to be fundamentally related. The trilinear coupling for the physical Higgs boson which enters for instance in di-H production is given in the SM by λ HHH = 3m 2 H /v, where v = ( √ 2G F ) −1/2 ≈ 246 GeV is the mean vacuum expectation value for the Higgs field. The observation of the di-H production and extraction of constraints on λ HHH is one the menu for the high luminosity runs at the LHC during the next five years, and a measurement is reachable at very high luminosity with a future upgraded LHC collider.
Besides the mass, spin-parity, and couplings of the Higgs boson, there still remain the questions of the origin and stabilization of its mass at the weak scale. This question of a "natural" stabilization of the Higgs boson mass had been a central incentive for the developments of theories beyond the standard model (BSM) for many decades. In so-called "Technicolor" theories, one assumes that the SM is only an effective theory which breaks up at the TeV scale where a new strong interaction sets in. In so-called "extra dimension" theories, the validity of the SM is assumed to be limited at the TeV scale where strong effects of quantum gravity propagating in all dimensions would set in. Supersymmetric theories offer in principle a more satisfactory solution in the scalar sector. The self-coupling can possibly be expressed in a combination of gauge couplings in such theories such that the scalar sector is strongly constrained, e.g. with a predicted mass for the lightest, possibly SM-like, neutral Higgs boson. The stabilization of the Higgs scalar boson is obtained, despite the introduction of the new scale for the breaking of the supersymmetry, by exact cancellations of the contributions of the new supersymmetric particles, the partners of ordinary fermions and bosons.
In the years to come, the LHC collider with operate at higher instantaneous luminosities, and higher pp centre-of-mass energies. The aim is to reach 300 fb −1 of integrated luminosity at √ s = 13 TeV in a first phase, and then 3000 fb −1 at √ s = 14 TeV in a second phase. These forthcoming data taking periods could allow for the observation of deviations from expectation or for the direct discovery of extra structure in the scalar sector, beyond the minimal sector of the standard model.
